TABLE OF CONTENTS:
Supplementary Methods 
Supplementary

Supplementary Methods
Substitution of BcerB for BalhB. Because the dehydrogenase from the Balh cluster (BalhB) purified without FMN bound, a highly similar (78% identical/94% similar) dehydrogenase from Bacillus cereus 172560W (BcerB) was used as a surrogate 1 . This technique has been successfully employed in the study of other TOMM synthetases 2 .
Bioinformatic Analyses. Alignments were made using ClustalW2 using the standard parameters 3 . The percent identity between the Balh and Mcb biosynthetic enzymes were obtained from the ClustalW2 alignment.
Overexpression and purification of MBP-tagged proteins. BL21(DE3-RIPL) cells were transformed with pET28b plasmids containing the desired MBP fusion gene (BalhA-D, BcerB, McbD). Cells were grown overnight on Luria-Bertani (LB) plates with 50 µg/mL kanamycin. Single colonies were picked for starter cultures containing 50 µg/mL kanamycin and 34 µg/mL chloramphenicol and were grown at 37 °C. A 10 mL overnight culture was used to inoculate 1 L of LB containing 50 µg/mL kanamycin and 34 µg/mL chloramphenicol. For the overexpression of the modification enzymes, cells were grown to an optical density at 600 nm (OD 600 ) of 0.6 before a 10 min cold shock and induction with 0.4 mM isopropyl ß-D-1-thiogalactopyranoside (IPTG) for 16 h at 22 °C. For the overexpression of precursor peptides, cells were grown to an OD 600 of 0.8 before induction with 1 mM IPTG for 1.5 h at 22 °C. After the indicated times, cells were harvested at 3000 x g for 15 min, washed with TBS (tris buffered saline; 10 mM Tris pH 7.5, 150 mM NaCl) and stored at -20 °C for up to one week before use. The overexpression of pET15b constructs containing McbA-C were carried out as above except ampicillin (100 µg/mL) was used instead of kanamycin in the relevant steps.
Cell pellets were resuspended in lysis buffer [50 mM Tris pH 7.5, 500 mM NaCl, 2.5% glycerol (v/v), 0.1% triton X-100 (v/v)] containing 4 mg/mL lysozyme, leupeptin (2 µM), PMSF (200 µM), benzamidine (2 mM), and E64 (2 µM). After a 30 min incubation at 4 °C, cells were disrupted via sonication 3 x 30s with 10 min breaks at 4 °C. The insoluble debris was removed from the sample via centrifugation at 35,000 x g for 45 min. The resulting supernatant was applied to pre-equilibrated amylose resin (5 mL resin per L of cells). The column was washed with 10 column volumes of lysis buffer, followed by 5 column volumes of wash buffer (lysis buffer lacking triton X-100 and with 400 mM NaCl). The MBP-tagged proteins were eluted using 4 column volumes of elution buffer (wash buffer with 300 mM NaCl and 10 mM maltose) and the eluent was concentrated using an appropriate Amicon Ultra centrifugal filter (Millipore). A 10-fold buffer exchange with storage buffer [50 mM HEPES pH 7.5, 300 mM NaCl, 2.5% glycerol (v/v)] was performed in the filtration device before a final concentration and storage. After loading onto the column, all buffers used contained 1 mM tris-(2-carboxylethyl)-phosphine. Protein concentration was assessed by both the 280 nm absorbance and a Bradford colorimetric assay (Thermo Scientific). Purity was determined by Coomassie-stained SDS-PAGE gel ( Supplementary Fig. 16 ). 
Effect
MS/MS analysis of dehydrated product.
Reactions were set up with 45 µM MBP-BalhD, 45 µM MBP-BalhNC-CCG* (see Fig. 1a for amino acid sequence), and 0.2 µg/mL TEV in synthetase buffer and allowed to react for 18 h at 23 °C. Next the large proteins were precipitated via the addition of 25% acetonitrile, the precipitate was removed from the sample by centrifugation, and the soluble fraction was dried in a Savant SpeedVac (Thermo Fisher). The resultant solid was resuspended in 10 µL water and desalted by ZipTip according to the manufacturer's instructions. The desalted sample was diluted 2-fold in 80% acetonitrile with 1% acetic acid and was analyzed on a ThermoFisher Scientific LTQ-FT hybrid linear ion trap-FTMS system, operating at 11 T. Ions were introduced by direct infusion using an Advion Nanomate 100. An accurate mass was collected using the FTMS set at a resolution at 100,000. the addition of the ATP synthetase buffer was performed for the BalhD only reaction. All controls were carried out in an identical fashion to the corresponding assay.
Supplementary Results
Supplementary Figure 1| The Balh synthetase hydrolyzes ATP to ADP and phosphate. Addition of 1 unit of pyrophosphatase (PPase) to a reaction mixture containing the BCD synthetase complex, BalhA1 and PNP did not significantly alter the rate of chromophore production. This provided evidence that the synthetase complex hydrolyzed ATP to ADP and phosphate. Error represents the standard deviation from the mean (n=2).
Supplementary Figure 2| Nucleotide triphosphate kinetic curves. Biochemical assays performed on the microcin B17 biosynthetic enzymes demonstrated that the nucleotide triphosphate binding pocket was rather flexible and allowed for the utilization of both ATP and GTP without a significant decrease in catalytic efficiency 4 . Using a saturating amount of BalhA1 substrate, the full Michealis-Menten kinetic curves were measured for both (a) ATP and (b) GTP. All rates were measured by the purine nucleoside phosphorylase (PNP)-coupled assay 5 . Error is represented as the standard deviation from the mean (n=3). (c) Kinetic parameters for ATP and GTP usage by the Balh synthetase complex are shown. Error represents the standard deviation from the curve fitting. As expected, the Balh synthetase was able to utilize both ATP and GTP, although the catalytic efficiency for GTP utilization was eight-fold lower than for ATP. This discrepancy in catalytic efficiency was mostly borne out in an increase in the K m for GTP relative to ATP. The K m value obtained for ATP was consistent with reported values from both the microcin B17 and cyanobactin synthetases 4, 6 .
Supplementary Figure 3| ATP hydrolysis is required for heterocycle formation. Reactions were carried out with either ATP (red trace) or a non-hydrolyzable ATP analog, β, γ-imido-ATP (blue trace) and substrate processing was assessed via MADLI-TOF MS. A comparison of the resulting spectra to a control reaction lacking a nucleotide triphosphate analog (black trace) demonstrated that ring formation only occurred in samples containing a hydrolyzable version of ATP.
Supplementary Figure 4| Addition of the dehydrogenase does not increase the activity of the synthetase. Rates of ATP hydrolysis in reactions lacking one or more components of the synthetase complex are displayed. Activity was monitored with the PNP-coupled phosphate assay and activity was normalized to a reaction containing both substrates (ATP and BalhA1) and the BCD complex. Error bars represent the standard deviation from the mean (n=3).
Supplementary Figure 5| BalhA1-NC inhibition and BalhNC-C40 processing. (a)
The rate of ATP hydrolysis with and without the addition of BalhA1-NC or BalhLS as measured by the PNP phosphate detection assay. Due to the extremely rapid rate of ATP hydrolysis when BalhC/D are at this high concentration (15 µM), it is not possible to accurately measure initial rates for rapidly processed substrates. As such, the rate of ATP hydrolysis with the addition of BalhA1 was extrapolated from the nucleotide kinetics (BalhC/D = 1 µM) assays based on the measured k obs . An identical strategy was used to extrapolate the rate of BalhNC-C40 processing at high BalhC/D concentrations based on the previously reported k obs (10. A reference line (gray dashed line) is displayed which indicates the m/z 428 signal expected from the natural 1.1% 13 C isotope abundance (approximately 3.7%). The signal for the second isotope peak was equal to the natural abundance, indicating that solvent oxygen is not incorporated into ADP.
Supplementary Figure 7| BalhC is homologous to the adenylating enzyme MccB. The first step in microcin C7 biosynthesis is catalyzed by MccB, a non-TOMM homolog of BalhC (top). MccB utilizes ATP to activate the substrate and perform a formal cyclodehydration reaction (succinimide intermediate is shown in blue). The succinimide ring is subsequently hydrolyzed to form an isoasparagine residue 7 . Additional enzymes then take this product forward to form the final compound. An alignment between BalhC and MccB was generated using ClustalW2 and is shown (bottom). The majority of the conservation occurs near the two CxxC motifs (green) involved in the assembly of the structural zinc tetrathiolate cluster 8 . The percent identity between these two proteins is 13%, on par with the identity between BalhC and a known TOMM homolog, McbB (see main text Fig. 1a ).
Supplementary Figure 9| MS/MS localization of the BalhD installed dehydration product. FT-ICR
MS spectra of the BalhD-induced cyclodehydration product (top). The expected mass for the 5+ charge state is shown. The low intensity of the 1-ring species is caused by the rapid hydrolysis of the azoline ring in the acidic ESI solution. Note that there is a third species 2 Da lighter than the monoisotopic peak of the unmodified substrate (blue). This peak corresponds to the internal disulfide adduct. The ppm error for each of these species is displayed next to their respective theoretical mass. MS/MS fragmentation of the modified species (bottom). Red ions indicate the presence of an 18 Da mass loss indicative of a cyclodehydration. The fragment map indicates that the modification has occurred in the immediate vicinity of position 43. In BalhNC-CCG* this is Cys40 (red, underlined). (a-d) . The ATP/azoline stoichiometry at each of the time points for all four BalhD concentrations is displayed (e). The graph demonstrates that as the reaction progresses, and as the concentration of BalhD is increased, the stoichiometry increases significantly. A red box highlights the expected ATP/azoline stoichiometry for the BalhD-only 31 P-NMR sample and predicts that roughly half of the ATP hydrolyzed will be non-productive and occur through the action of a solvent nucleophile. If BalhD was able to activate the BalhA1 substrate in an identical fashion as the BalhC-BalhD complex, this would correspond to a 50:50 ratio of Supplementary Figure 14| The proposed enzymatic mechanism of PurM. The fifth enzyme in the purine biosynthesis pathway in prokaryotes is aminoimidazole ribonucleotide (AIR) synthetase, PurM. This enzyme is responsible for the heterocyclization of formylglycinamide ribonucleotide (FGAM) to afford AIR. ATP has been implicated in the phosphorylation of the backbone amide oxygen using isotopically labeled substrate 9 . Similar to TOMM cyclization, two putative mechanisms are shown below for the transformation in which the nucleophile attacks either before (top) or after phosphorylation (bottom). To date, evidence has not been provided to disprove either pathway. Note that the phosphorylation of an amide oxygen has been implicated in the transformations catalyzed by the PurM homologs, PurL, HypE, and SelD 10 .
Supplementary
Supplementary Figure 15| Alternative mechanism of azoline formation. An alternative mechanism for azoline formation is presented involving phosphorylation prior to nucleophilic attack. While the mechanism is reminiscent of Vilsmeier-Haack dehydration chemistry, the transformation involves a disfavored 5-endo trig cyclization step 11 .
Supplementary Figure 16| Coomassie-stained SDS-PAGE gels of proteins used in this study. Coomassie stained SDS-PAGE gels of the (a) substrates and (b) enzymes used for this study are displayed. Masses for pertinent bands of the molecular marker are shown. The smaller bands appearing just below the 50 kDa marker band likely result from a cleavage event in the linker region between MBP and the protein of interest. For substrates with cysteine residues, a small amount of a disulfide product can be seen just above the 100 kDa marker band.
